Chronic hepatitis B virus (HBV) infection affects 240 million people worldwide and is a major risk factor for liver failure and hepatocellular carcinoma. Current antiviral therapy inhibits cytoplasmic HBV genomic replication, but is not curative because it does not directly affect nuclear HBV closed circular DNA (cccDNA), the genomic form that templates viral transcription and sustains viral persistence. Novel approaches that directly target cccDNA regulation would therefore be highly desirable. cccDNA is assembled with cellular histone proteins into chromatin, but little is known about the regulation of HBV chromatin by histone posttranslational modifications (PTMs). Here, using a new cccDNA ChIP-Seq approach, we report, to our knowledge, the first genome-wide maps of PTMs in cccDNA-containing chromatin from de novo infected HepG2 cells, primary human hepatocytes, and from HBV-infected liver tissue. We find high levels of PTMs associated with active transcription enriched at specific sites within the HBV genome and, surprisingly, very low levels of PTMs linked to transcriptional repression even at silent HBV promoters. We show that transcription and active PTMs in HBV chromatin are reduced by the activation of an innate immunity pathway, and that this effect can be recapitulated with a small molecule epigenetic modifying agent, opening the possibility that chromatin-based regulation of cccDNA transcription could be a new therapeutic approach to chronic HBV infection.
Chronic hepatitis B virus (HBV) infection affects 240 million people worldwide and is a major risk factor for liver failure and hepatocellular carcinoma. Current antiviral therapy inhibits cytoplasmic HBV genomic replication, but is not curative because it does not directly affect nuclear HBV closed circular DNA (cccDNA), the genomic form that templates viral transcription and sustains viral persistence. Novel approaches that directly target cccDNA regulation would therefore be highly desirable. cccDNA is assembled with cellular histone proteins into chromatin, but little is known about the regulation of HBV chromatin by histone posttranslational modifications (PTMs). Here, using a new cccDNA ChIP-Seq approach, we report, to our knowledge, the first genome-wide maps of PTMs in cccDNA-containing chromatin from de novo infected HepG2 cells, primary human hepatocytes, and from HBV-infected liver tissue. We find high levels of PTMs associated with active transcription enriched at specific sites within the HBV genome and, surprisingly, very low levels of PTMs linked to transcriptional repression even at silent HBV promoters. We show that transcription and active PTMs in HBV chromatin are reduced by the activation of an innate immunity pathway, and that this effect can be recapitulated with a small molecule epigenetic modifying agent, opening the possibility that chromatin-based regulation of cccDNA transcription could be a new therapeutic approach to chronic HBV infection.
hepatitis B virus | HBV | cccDNA | chromatin | epigenetics H epatitis B virus (HBV) infection is widespread in humans and is a major public health concern. Primary infection outside the newborn period is usually self-limited, but a subset of infected individuals does not eliminate the virus and goes on to a lifelong persistent infection. Worldwide, at least 240 million people are persistently infected, many of whom develop chronic liver injury (chronic hepatitis B or CHB) (1) . CHB often progresses to cirrhosis and liver failure, and is also strongly linked to the development of hepatocellular carcinoma (HCC). It is estimated that CHB accounts for more than 80% of HCC cases in areas of high HBV incidence (2) .
HBV belongs to the family of Hepadnaviridae, a group of small DNA viruses that infect hepatocytes and replicate through the reverse transcription of an RNA intermediate (3) . The 3.2-kb HBV genome in viral particles is in a circular, partially doublestranded DNA conformation (relaxed circular DNA or rcDNA), a result of the unusual replication mechanism of HBV. rcDNA is transcriptionally inert and must be converted into covalently closed circular DNA (cccDNA) in the nucleus of infected cells before viral RNAs can be transcribed. cccDNA is the only template for HBV transcription and, because HBV RNA templates genomic reverse transcription, its persistence is required for persistent infection. HBV replication itself is noncytolytic, but it induces an immune response that in the case of CHB leads to persistent liver inflammation. Suppression of HBV reverse transcription with nucleos(t)ide analogs (NA) reduces viral load and liver damage, but has little effect on the nuclear cccDNA pool. As a result, it is not curative and must be taken continuously; withdrawal of therapy leads to prompt relapse of HBV replication (4, 5) .
The only other therapy for CHB that is clinically approved is treatment with IFN-α. In addition to its important immunomodulatory effects, IFN-α treatment has antiviral effects that have been attributed to transcriptional down-regulation of cccDNA (6, 7) , and potentially also destabilization of cccDNA (8) ; however, this finding remains to be confirmed. Unfortunately, only a small subset of patients responds to IFN-α treatment, which is moreover generally associated with poor tolerability (9) . Given the limitations of NA and IFN-α treatment, novel approaches to therapy of CHB are needed. Among the attractive potential approaches would be ones that either deplete or transcriptionally silence cccDNA. Unfortunately, developing these new approaches has been hampered by our limited understanding of the molecular processes involved in cccDNA formation, maintenance, and transcriptional regulation.
Previous studies show that HBV cccDNA is assembled together with cellular histone proteins into episomal chromatin (10) (11) (12) and that transcription of cccDNA depends on the cellular transcriptional machinery (13) . It has been well established for cellular DNA that its assembly and compaction into chromatin controls the accessibility of DNA to the transcriptional machinery (14) , and that this is dynamically regulated by posttranslational modifications (PTMs) of histone proteins within chromatin (15, 16) . Although it is reasonable to assume that cccDNA chromatin and transcription could be regulated by PTMs in a similar manner,
Significance
Chronic hepatitis B virus (HBV) infection is maintained by the persistence of episomal HBV closed circular DNA (cccDNA) in infected hepatocytes. Current therapeutic regimes have no or limited impact on cccDNA, and the development of cccDNAtargeted therapies is complicated by our limited understanding of cccDNA regulation. We present a novel approach and first detailed analysis to our knowledge of cccDNA chromatin from de novo infected cells and infected liver tissue and reveal general features of cccDNA chromatin organization, and features that are unique to each source of cccDNA. We show that cccDNA chromatin is modulated by innate immunity and manipulated with an epigenetic agent, thereby establishing the importance of chromatin for cccDNA regulation and as a potential target for therapy of chronic HBV infection.
it has not been investigated in detail yet which PTMs are present in cccDNA chromatin and how they are distributed across the HBV genome. Hence, it is unclear to what extent cccDNA chromatin might follow the "rules" that have been established for the regulation of cellular chromatin and whether inducing transcriptional silencing of cccDNA by chromatin-mediated mechanisms might be a feasible approach to treatment of chronic HBV infection. Here, we present, to our knowledge, the first detailed analysis of cccDNA chromatin using a novel HBV cccDNA chromatin immunoprecipitation followed by massive parallel sequencing approach (cccDNA ChIP-Seq). We find that despite the overlapping transcription units and high density of regulatory elements within the small HBV genome, cccDNA chromatin is highly organized and modified with PTMs at specific regions. By comparing the chromatin landscape of cccDNA between model systems of de novo HBV infection and liver tissue from chronically infected patients, we demonstrate that PTMs in cccDNA chromatin accurately predict the transcriptional state of the viral promoters within these different contexts, strongly suggesting that chromatin contributes to the transcriptional regulation of cccDNA. Lastly, we demonstrate that IFN-α treatment down-regulates HBV transcription by reducing active PTMs in cccDNA chromatin, and that this effect can be recapitulated with a small molecule epigenetic modifying agent, suggesting that silencing cccDNA epigenetically might be a viable therapeutic approach.
Results
Experimental System: De Novo Infection of HepG2 Cells with HBV and cccDNA-Containing Chromatin Enrichment. HepG2 is a hepatoblastoma-derived cell line that supports HBV replication (17) following transfection with HBV DNA, but lacks the entry pathway for HBV and, thus, cannot support virion infection. Available stably transfected HepG2 cells lines can build a pool of cccDNA by reverse transcription of pregenomic RNA originally emanating from an integrated copy of the transfected HBV genome (18, 19) . However, because chromatin derived from the episomal cccDNA cannot be distinguished from chromatin derived from the integrated HBV genome, these cells cannot be used to unambiguously assign PTMs to episomal viral genomes. Accordingly, we chose to establish cccDNA more naturally by infecting cells de novo with HBV virions. To this end, we established a HepG2 cell line susceptible to de novo HBV infection by stably overexpressing the recently identified HBV receptor NTCP1 (sodium taurocholate cotransporting peptide 1) (20) . HBV transcription in de novo infected HepG2-NTCP1 cells was detectable from 3 dpi (days after infection) onwards and reached steady-state levels at approximately 7-9 dpi, suggesting that infection was fully established at this point (Fig. 1A) . Using viral particles concentrated from cell culture supernatant of a stable HBV-producing cell line, more than 50% of the cells of the HepG2-NTCP1 monolayer could be infected, as detected by HBV core protein immunostaining (Fig. 1B) , and both HBV eAg and sAg secretion could be detected at 7 dpi under these conditions (Fig. 1C) . The presence of cccDNA at 7 dpi was confirmed by Southern blot analysis ( Fig. 1D and Fig. S1A ) and quantified by cccDNA-specific quantitative PCR (qPCR) assay, and we estimate that ∼2.4 copies of cccDNA were formed per cell (Fig. 1E) . Whereas cccDNA can be selectively detected by PCR with specific primers to a certain degree of confidence ( Fig. S1B ), unbiased DNA detection methods such as massive parallel sequencing cannot discriminate between cccDNA and other HBV DNA species such as rcDNA. We therefore developed a protocol to prepare chromatin that contains only HBV DNA from cccDNA for our cccDNA ChIP-Seq assay (summarized in Fig. 1F ). We cross-linked infected cells with formaldehyde and pelleted nuclei to enrich for chromatin and remove the bulk of encapsidated cytosolic replicative HBV DNA intermediates. The nuclei were then digested with micrococcal nuclease (Mnase) to obtain mononucleosomes ( Fig. S1C ). These mononucleosomes were further purified by sucrose density gradient centrifugation, thereby removing most remaining nonnucleosomal DNA fragments from our preparation (Fig.  S1D ). Deep sequencing of a purified mononucleosome fraction (Mono-Seq) identified both human and HBV DNA fragments of ∼160 bp (Fig. 1G ), a size typical for mononucleosomes from formaldehyde-cross-linked chromatin (21) , confirming that our preparation indeed contained HBV DNA originating from nucleosomal cccDNA ( Fig. S1 E and F). Furthermore, Mono-Seq detected a fraction of HBV-specific reads equating to ∼2.2 copies of cccDNA per cell in the mononucleosome fraction, comparable to the number detected by cccDNA-specific qPCR (Fig. 1E ). Having established that the purified mononucleosomes contained HBV DNA from cccDNA, we next performed ChIPSeq with antibodies specific for different PTMs. Although we were able to detect HBV-specific reads in ChIP-Seq pilot experiments, a significant number of total sequencing reads would be required to obtain acceptable sequencing coverage of the HBV genome ( Fig. S2A ). To increase the sequencing coverage for HBV, we introduced a target enrichment step specific for HBV DNA before sequencing using overlapping biotinylated HBV-specific oligonucleotides that cover the whole HBV genome multiple times. Importantly, target enrichment did not significantly alter the ratio of HBV-specific reads between the different sequencing libraries, or the distribution of those reads along the HBV genome ( Fig. S2 B and C).
cccDNA Chromatin in HepG2-NTCP1 Cells Has High Levels of Active PTMs Enriched at Specific Regions of the HBV Genome. PTMs associated with both active and repressive transcriptional states in cellular chromatin were chosen for cccDNA evaluation ( Fig.  2A ): We selected four PTMs associated with active transcription, H3K4me3, H3K27ac, H3K122ac, and H3K36me3. H3K4me3 is found at the transcription start site (TSS) of actively transcribed genes (22, 23) , whereas histone acetylation marks H3K27ac and H3K122ac indicate active TSS and also active gene enhancers (24) (25) (26) . H3K36me3 is associated with active transcription as well, but is enriched in the gene body toward the 3′ end of transcribed genes in the host genome (27, 28) . We also probed for the presence of two PTMs associated with transcriptional silencing, H3K9me3 and H3K27me3. H3K9me3 can be found predominantly in transcriptionally silent heterochromatin and H3K27me3 at transcriptionally repressed genes (29) . To determine the relative abundance of these marks in cccDNA, we compared the fraction of HBV-specific sequencing reads in the Mono-Seq library (serving as input) to the fraction of reads mapping to HBV in the different ChIP-Seq libraries (Fig. 2B ). The fraction of reads mapping to HBV for active marks H3K4me3, H3K27ac, and H3K122ac was significantly higher than in the Mono-Seq input sample (26.6×, 27.7×, and 13.5×, respectively), indicating that these marks are highly enriched in cccDNA chromatin. In contrast to the other active PTMs, the fraction of HBV-specific reads for H3K36me3 was lower than for mononucleosomes (0.16×), indicating that H3K36me3 was not enriched in cccDNA. Both PTMs associated with transcriptional silencing, H3K9me3 and H3K27me3, were underrepresented in cccDNA (0.07× and 0.02×). Because PTMs appear in specific patterns, e.g., at promoters and enhancers in human chromatin (30), we next investigated the distribution of these PTMs relative to the regulatory regions of the HBV genome (Fig. 2C ). The HBV genome has four major transcription units encoding for precore/pg, preS1, preS2, and X mRNA, as well as two enhancer regions, one of which (Enhancer II) overlaps with the basal core promoter (BCP) (Fig. 2C , bottom row). Our results show that the EnhancerII/BCP region was largely devoid of nucleosomes and PTMs followed by a peak of H3K4me3, H3K27ac, and H3K122ac downstream at the TSS of precore/pg. A nucleosome-depleted region followed by a strong signal of active PTMs resembles the pattern that can be observed at the TSS of many transcribed genes in human chromatin (25, 31) . We did not detect additional peaks of comparable strength at the TSS of preS1, preS2, or X, which possibly indicates that the precore/pg HBV promoter is the strongest in de novo infected HepG2-NTCP1 cells. Another region with high levels of H3K4me3, H3K27ac, and H3K122ac was located just upstream of Enhancer I. There is no TSS in immediate vicinity, suggesting that this peak of active PTM might be linked to the enhancer function of Enhancer I. Overall, our ChIP-Seq data indicates that cccDNA chromatin in HepG2-NTCP1 cells is heavily enriched in active PTMs H3K4me3, H3K27ac, and H3K122ac but not H3K36me3, at specific regions in the HBV genome, and is low or depleted in repressive PTMs H3K27me3 and H3K9me3. liver tissue to analyze cccDNA chromatin as described for HepG2-NTCP1 cells (Fig. 1F) . Globally, cccDNA chromatin in both PHH and HBV+ liver tissue displayed relatively high levels of the active marks H3K4me3, H3K27ac, and H3K122ac and low levels of the repressive mark H3K27me3 (Fig. 3A and Fig. S3A) , similar to what we observed for HepG2-NTCP1 cccDNA (Fig. 2B) . We next compared the genomic distribution of the highly enriched PTMs between all three samples (Fig. 3B) . The distribution of H3K4me3, H3K27ac, and H3K122ac revealed common features of cccDNA chromatin and features unique to each sample. A feature that is shared between all three sources of cccDNA is a distinct peak of active PTMs upstream of Enhancer I, followed by a nucleosome-depleted region. Another region of low occupancy was at the Enhancer II/BCP region upstream of the precore/pg TSS. Among the three samples, HepG2-NTCP1 cccDNA had the strongest peak for the active PTMs H3K4me3, H3K27ac, and H3K122ac at the precore/pg TSS, whereas PHH cccDNA showed high levels of active PTMs throughout most of HBV genome with a more pronounced enrichment of active PTMs within X and close to the preS1 TSS. In the HBV+ liver sample, active PTMs were relatively low in the region surrounding the precore/pg TSS, but displayed high levels of enrichment at the TSS of preS2 and within the X gene. Overall, the profiles of H3K4me3, H3K27ac, and H3K122ac within each sample were quite similar, with the exception of HBV+ liver cccDNA with a unique peak of H3K122ac at preS1 TSS. This comparative analysis of PTMs suggests that the distribution of PTMs in cccDNA chromatin can vary substantially between cell culture models and infected tissue, and that cccDNA chromatin is therefore not exclusively determined by viral components, but can adapt to different cellular environments.
PTM Distribution at HBV Promoters Is Comparable to Human Chromatin
and Predicts Transcriptional Activity. In cellular chromatin, PTMs such as H3K4me3, H3K27ac, and H3K122ac indicate transcriptionally active promoters. To determine whether in cccDNA chromatin enrichment of active PTMs at HBV promoters is predictive for transcription as well, we looked at their overlap with RNA Polymerase II (Pol2) occupancy and the relative levels of HBV RNA species in the two samples with the most different PTM profiles, HepG2-NTCP1 cells and HBV+ liver tissue. In HepG2-NTCP1, cccDNA Pol2 enrichment was found at three different locations: in a region between EnhancerI and EnhancerII, at the TSS of precore/pg, and close to the preS1 TSS (Fig. 4A) . Interestingly, only at the TSS of precore/pg Pol2 aligned to the +1 nucleosome (marked by high levels of H3K4me3) in a manner that is characteristic of actively transcribed human promoters (30) (Fig.  S4A) . Consistent with this observation, Northern blot analysis (Fig. 4B) confirmed that precore/pgRNA were the most prominent HBV RNA species in de novo infected HepG2-NTCP1 cells. In HBV+ liver cccDNA, however, Pol2 occupancy was low close to the precore/pg TSS and enriched close to the TSS of preS2 (Fig. 4A) . The peak of Pol2 enrichment aligned only at the preS2/S TSS with the +1 nucleosome as observed in actively transcribed human genes, and Northern blot analysis showed that preS2/S RNA was by far the most abundant HBV transcript in the HBV+ liver sample (Fig. 4B) . Analysis of eAg and sAg secretion, encoded by precore RNA and preS2/S RNA, respectively, confirmed our Northern blot analysis (Fig. S4B) . Together this data suggests that the distribution of active PTMs and Pol2 in cccDNA predicts HBV promoter use.
The Levels of Active PTMs in cccDNA Are Comparable to Transcriptionally Active Human Chromatin. Our data shows that active PTMs in cccDNA are distributed relative to HBV promoters in a manner that is comparable to human chromatin. We next assessed the level of PTMs enrichment (or lack thereof) in cccDNA in context to the levels of PTMs that can be observed at transcriptionally active and silent loci in human chromatin directly by ChIP-qPCR. For human chromatin, the promoters of β-actin (ACTB) and Nanog (a stem cell-specific gene) were used as references for actively transcribed and transcriptionally repressed genes, respectively. Specific H3K36me3 enrichment at 3′ end of genes was tested at the GAPDH locus. As expected, levels of H3K4me3, H3K27ac, and H3K122ac were high at the ACTB promoter and low at the Nanog promoter, whereas H3K27me3 was enriched at the Nanog promoter and H3K36me3 was enriched at the 3′ end of the GAPDH locus (Fig. S5A) . HBV cccDNA was analyzed at four different loci (position 1-4) for PTM levels (Fig. 5A) . Interestingly, we found variations in the absolute levels of the H3K4me3, H3K27ac, and H3K122ac between the three sources of cccDNA analyzed (Fig. 5B ): In HepG2-NTCP1 cccDNA, the enrichment of H3K4me3, H3K27ac, and H3K122ac was overall comparable to the levels observed at the active ACTB promoter. In PHH cccDNA, however, H3K4me3, and especially H3K27ac, levels were significantly higher than in HepG2-NTCP1 cccDNA (and the ACTB promoter), whereas H3K122ac levels remained comparable to HepG2-NTCP1 cccDNA. In HBV+ liver cccDNA, H3K4me3 levels were as high as in PHH cccDNA, but H3K27ac levels were not elevated relative to HepG2-NTCP1 cccDNA. H3K122ac levels in HBV+ liver cccDNA were slightly lower than those observed in HepG2-NTCP1 cccDNA, PHH cccDNA, and at the ACTB promoter. As indicated by the ChIP-Seq data, H3K27me3 levels at the four different HBV loci were, if detectable by ChIPqPCR, in all three samples significantly lower than at the Nanog promoter (Fig. 5B ). H3K36me3 levels in HepG2-NTCP1 and HBV+ liver cccDNA might increase toward the 3′ end of HBV transcripts (position 2), but are overall significantly lower than observed at the 3′ end of GAPDH. These observations are summarized in Fig. 5C and show that the level of active, promoter (and enhancer) specific PTMs H3K4me3, H3K27ac, and H3K122ac in cccDNA chromatin reaches or exceeds the levels observed at a highly transcribed human promoter, and that the repressive PTM H3K27me3 is present only at low levels in cccDNA.
The Suppressive Effect of IFN-α on Active PTMs and Transcription of cccDNA Can Be Recapitulated with a Small Molecule Epigenetic
Modifying Agent. Treatment with the antiviral cytokine IFN-α reduces HBV RNA accumulation (6, 35, 36) , and limited literature suggests that this reduction in transcription might involve changes of PTMs on cccDNA (6). However, this hypothesis has not been tested for specific PTMs in the context of de novo infected cells. To test whether transcriptional down-regulation of cccDNA by IFN-α is linked to changes in cccDNA chromatin, we used de novo infected PHH because HepG2 cells are partially defective in their innate immune response (33, 34) . As expected, HBV RNA levels were reduced upon IFN-α treatment of infected PHH (Fig. 6A) , whereas transcription of the IFN-stimulated gene IFIT1 was strongly induced (Fig. S6A) . ChIP-qPCR analysis of HBV-infected PHH revealed that IFN-α treatment reduced the levels of the active PTMs H3K4me3, H3K27ac, and particularly H3K122ac in cccDNA ( Fig. 6B and Fig. S6B ). Interestingly, we did not detect an increase in the level of the repressive PTM H3K27me3, which is hence not likely to contribute to the transcriptional down-regulation of cccDNA upon IFN-α treatment that we detect. To confirm that lower levels of active PTMs on cccDNA and reduced HBV transcription are functionally linked, we next used a small molecule epigenetic agent to manipulate the active PTMs in cccDNA chromatin more specifically. Toward this end, we used the small molecule C646 that specifically inhibits p300/CBP (37), the histone acetyltransferases for H3K27ac and H3K122ac (26, 38) . C646 treatment reduced HBV transcription in a dose-dependent manner (Fig. 6C) , and in the absence of measurable toxicity under the assay conditions (Fig. 6D) , supporting that HBV transcription and active PTM levels in cccDNA (Fig. S6D) are functionally linked. The lack of IFIT1 induction shows that the transcriptional pg precore preS1 preS2 preS1 EnhI X preS2/S EnhII precore/pg BCP HBV genome down-regulation of cccDNA was independent of the IFN-α pathway (Fig. 6C) . IFN-α treatment has been suggested to be linked to a reduction of cccDNA (8); however, cccDNA levels were not affected by our IFN-α treatment (Fig. S6C) . Likewise, cccDNA levels were not affected by C646 treatment (Fig. 6E ). This data shows that the targeted manipulation of PTM levels can recapitulate the effect of IFN-α on cccDNA transcription, supporting the importance of chromatin for the regulation of cccDNA transcription.
Discussion
A tremendous amount of research in the past years has been devoted to the genomewide mapping of PTMs in cellular chromatin of numerous cells types and tissues. From this body of work, we have learned that PTMs are distributed in specific patterns, e.g., relative to gene promoters or enhancers (30) , where PTMs can regulate transcription and other processes either by recruiting PTM-specific binding proteins (16) , or by directly altering the physical property of individual nucleosomes (39) and the chromatin fiber (40) . Although HBV cccDNA is assembled into chromatin as well, its circular conformation, small genome size, and compact coding and transcript organization are remarkably different from the cellular genome. It is therefore open to question whether within this context the typical PTM patterns and regulatory mechanisms that apply to cellular chromatin are maintained. Previously, cccDNA chromatin was analyzed by ChIP of complete cccDNA molecules followed by qPCR with cccDNA-specific primers (12) . Although this approach has proven useful to probe for the general association of proteins and PTMs with cccDNA, the distribution of PTMs and other factors along the HBV genome has remained elusive. Understanding how PTMs are organized relative to genetic elements within HBV genome is crucial to understanding the chromatin-based regulation of cccDNA. In this study, we overcame previous technical limitations and present, to our knowledge, the first genome-wide maps of PTMs (and Pol2) in HBV cccDNA chromatin at high resolution. Our HBV cccDNA ChIP-Seq assay reveals that PTMs are distributed nonrandomly across the HBV genome, strongly suggesting that PTMs in chromatinized cccDNA were specifically introduced following histone assembly on the viral genome. Our analysis reveals several key features common to all of the infected cells that we examined. In all three infected contexts, we detected high levels of H3K4me3, H3K27ac, and H3K122ac. In cellular chromatin, H3K4me3 and H3K27ac enrichment at promoters is known to stimulate transcription by recruiting components of the preinitiation complex and other transcriptional activators (41) (42) (43) . Because H3K4me3 (and H3K27ac) is enriched at HBV promoters as well, and because H3K4me3 enrichment at the +1 nucleosome of transcribed HBV promoters aligns with Pol2 occupancy in a manner that is reminiscent of active promoters in human chromatin, we conclude that active transcription in cccDNA is regulated by similar chromatin-based mechanisms as human chromatin. The observation that H3K4me3 and H3K27ac levels can be significantly higher in cccDNA compared with, e.g., the ACTB promoter (especially in PHH and HBV+ liver) suggests that they might even be of particular importance for HBV transcription.
Separate from the mechanisms of transcriptional activation achieved by H3K4me3 and H3K27ac, H3K122ac can activate transcription by directly increasing nucleosome mobility (26) . Although H3K122ac is enriched in cccDNA chromatin as well, the enrichment is lower than for H3K4me3 and H3K27ac. This data could indicate that the small circular cccDNA tolerates only lower levels of H3K122ac, maybe because the unmodified state of H3K122 is important for transcriptional regulation in the context of overlapping transcription units (44) that are present in the HBV genome. Surprisingly, we detected relatively low levels of H3K36me3, a PTM that is usually enriched in the gene body of transcribed genes to suppress aberrant transcription initiation in the wake of Pol2 transcription (45) . The low levels of H3K36me3 are possibly due to the negative regulation by the highly enriched mark H3K4me3 (46) present throughout cccDNA chromatin. It remains to be determined whether higher levels of H3K36me3 would interfere with the regulation of cccDNA transcription. In sharp contrast to most activating marks, the repressive mark H3K27me3 is strikingly underrepresented in HBV chromatin, and this feature too was preserved in all three contexts of HBV infection. Because the levels of H3K27me3 in cccDNA are dramatically lower than at the H3K27me3-regulated Nanog promoter, we suggest that there is limited H3K27me3-mediated repression in cccDNA. Interestingly, Riviere et al. recently reported comparably minute levels of H3K27me3 in cccDNA established in the hepatoma cell line HepaRG (47), supporting our finding.
Although cccDNA chromatin appears to be generally in an open, transcriptionally permissive conformation throughout the HBV genome, the relative transcription of the four viral promoters differed substantially between the different samples analyzed. HBV transcription can be modulated by different cellular (transcription) factors (48) , and different expression levels especially of liverspecific transcription factors among HepG2, PHH, and liver tissue (49) might likely contribute to the selective promoter activation or silencing. However, because we do not detect significant levels of repressive H3K27me3 even at silent HBV promoters (e.g., precore/pg in HBV+ liver), selective silencing of HBV promoters seems to be independent of canonical, H3K27me3-mediated gene repression. Differential DNA methylation could contribute to promoter-specific silencing as well; however, even artificially induced, complete methylation of CpG islands in HBV, cccDNA reduces precore/pg RNA only by ∼50% (50). Therefore, it remains to be determined exactly how selected HBV promoters are silenced. Overall, our analysis of HBVinfected cells and HBV+ liver tissue shows that HBV chromatin shares some basic features with cellular chromatin, especially those linked to active transcription, but lacks significant levels of PTMs associated with transcriptional repression, which, in cellular chromatin, are indispensable for transcriptional control. We would like to point out, however, that the HBV+ liver sample that we analyzed is not representative for the full complexity of chronic HBV infection, because both global and gene-specific HBV RNA levels can vary substantially between different patients and the different phases of chronic HBV infection (51) (52) (53) . Hence, an extension of our study to additional individuals and different phases of the chronic HBV infection will be required to get a more complete picture of cccDNA chromatin regulation in vivo. Interestingly, even near-complete transcriptional silencing of cccDNA seems to occur in vivo, because it has been observed that patients who overcame HBV infection can still carry intact, but apparently transcriptionally largely silent, cccDNA molecules in their liver (54) . One intracellular pathway that has been shown to control HBV transcription and replication is the type I IFN response pathway (7, 55, 56) . Inhibition of this pathway by a Jak1 inhibitor has been connected to reactivation of HBV in previously "cured" patients (57), in whom gene expression had been dramatically attenuated to below detectable levels. This finding supports that the IFN response pathway likely contributes to transcriptional control of cccDNA. Our experimental data confirms that stimulation of the IFN response with IFN-α not only reduces HBV RNA levels, but also modulates cccDNA chromatin. Importantly, we did not detect an increase of H3K27me3 upon IFN-α treatment, despite the report of increased binding of PRC2 (the enzyme complex responsible for H3K27 trimethylation), to cccDNA upon IFN-α treatment (6) . Our data indicate that the initial effect of IFN-α signaling on cccDNA seems to be the reduction of active PTMs rather than the deposition of repressive PTMs. High levels of H3K27ac, possibly in concert with other active marks, have been shown to antagonize H3K27me3 deposition in cellular chromatin (58) ; therefore, removal of active PTMs seems a logic first step toward the transcriptional silencing of cccDNA. Indeed IFN-α-dependent recruitment of histone deacetylase 1 (HDAC1) to cccDNA has been reported (6) and might contribute to the reduction of H3K27ac and H3K122ac that we detect, and it is likely that this and additional PTM modifying enzymes lead to a transcriptional less permissive cccDNA chromatin state in the presence of IFN-α.
IFN-α treatment is a clinically approved therapy for chronic HBV infection, but it benefits only a subset of patients and is generally poorly tolerated (9) . It would therefore be highly desirable to be able to recapitulate the changes in cccDNA chromatin induced by IFN-α more efficiently and specifically. Our finding that the epigenetic inhibitor C646 inhibits HBV transcription in a dosedependent manner in the absence of measurable toxicity provides a proof of concept that epigenetic manipulation of cccDNA can lead to substantial reduction of HBV transcription and, hence, could present a novel approach to the therapy of chronic HBV infection. Realizing such an approach is likely to require considerable additional effort, including the analysis of additional PTMs, additional viral strains, clinical samples, and signaling pathways to further elucidate the role of modulation of HBV chromatin structure in the regulation of viral infection. Our data and cccDNA ChIP-Seq assay described here should facilitate additional investigations aimed at exploring the therapeutic potential of this approach. Such an approach will further reduce viral particle and antigen production and could facilitate (alone or in combination with other manipulations) the ability of the immune system to reestablish control over or even clear chronic HBV infection (59).
Materials and Methods
For the cccDNA ChIP-Seq assay HBV-infected cells were harvested with Accutase (Millipore) at 7 dpi and cross-linked in 1× PBS with 1% freshly cracked formaldehyde (Pierce) for 5 min. Fixation was quenched by adding 125 mM glycine final concentration for 2 min. Next, cells were washed with ice cold nuclei isolation buffer [1× PBS with 0.1% Triton X-100, 0.1% Nonidet P-40, 1 mM DTT, 10 mM sodium butyrate, 1× protease inhibitor (Roche)] once and resuspended in the same buffer for 10-min incubation on ice with occasional mixing. Nuclei were pelleted and resuspended in Mnase digestion buffer [50 mM Tris pH 7.5, 4 mM MgCl 2 , 1 mM CaCl 2 , 10% (vol/vol) glycerol, 10 mM sodium butyrate, 1× protease inhibitor] with 500 U/mL Mnase (Fermentas). HBV+ liver tissue was minced in small pieces and fixed as described as above. Cross-linked liver tissue was washed in ice cold nuclei isolation buffer once, resuspended in the same buffer, and homogenized with 10 strokes of a dounce homogenizer. After 10 min on ice, the homogenized sample was passed through a cell strainer to remove debris, the released nuclei pelleted and resuspended in Mnase digestion buffer. Nuclei in Mnase digestion buffer were digested for 10 min at 37°C to mainly mononucleosomes before digestion was quenched with 10 mM EGTA final concentration on ice. The digested nuclei were spun at 6,500 × g for 5 min and the supernatant (S1) saved into a fresh tube. The pellet was resuspended in Mnase buffer with 10 mM EGTA and 300 mM NaCl and mildly sonicated on ice four times for 10 pulses in Heat Systems W-375 sonicator at 50% duty cycle and power setting 3. The sample was spun at 6,500 × g for 5 min, and the supernatant (S2) combined with the S1 fraction. S1 and S2 fraction were mixed with an equal volume of 0% sucrose buffer (50 mM Tris pH 7.5, 50 mM NaCl, 5 mM EDTA pH 8.0, 0.01% Nonidet P-40, 10 mM sodium butyrate, 1× protease inhibitor) and concentrated in a Vivaspin 4 spin column (Sartorius) with 100K cutoff membrane to ∼250 μL. The concentrated sample was applied to a 5-30% (wt/vol) sucrose gradient and centrifuged in a SW41Ti (Beckman Coulter Inc.) rotor with 40,000 rpm at 4°C for 4 h. Mononucleosome containing fractions were pooled, concentrated to ∼500 μL and 100 ng/μL BSA added. For ChIP, antibodies were prebound in ChIP dilution buffer (20 mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 1% Triton X-100, 10 mM sodium butyrate, 1× protease inhibitor) to 20-to 30-μL Protein G Dynabeads (Life Technologies) on a rotator at 4°C for 2 h. The antibodies used were as follows: 0. Tables S1 and S2 and Dataset S1).
